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Abstract 
Policies to develop and deploy CCS as a tool for climate change mitigation should consider the key 
differences between three classes of CCS projects: carbon-positive, near carbon-neutral and 
potentially carbon-negative.  In class 1 are projects that are ‘carbon positive’ since they capture CO2 
from the production of fossil hydrocarbon fuels and there is no guarantee that the CO2 generated 
when these are used will be captured and stored.  Class 1 CCS might be treated as a condition of the 
‘licence to operate’ for hydrocarbon production projects that emit large amounts of CO2, and be 
distinguished from other classes of CCS projects in any incentive framework.  In the event of 
serious global action on climate change, it seems likely that class 1 CCS would be employed to 
minimise fossil fuel supply chain CO2 emissions, but in addition all fossil fuels would need to be 
used with class 2, near carbon neutral, CCS, so that the vast majority of fossil carbon is captured 
and stored and the main products are decarbonised energy vectors such as electricity, hydrogen and 
heat.  Class 2 CCS projects are generally more expensive than class 1 projects and require more 
novel technologies, so they are unlikely to be widely deployed at present without specific 
incentives, an analogous situation to that for many renewable generation technologies. Carbon 
negative class 3 projects, where biomass use and CCS are combined, or where CO2 is captured 
directly from the air, could also be important since they have the potential to achieve a net reduction 
in atmospheric CO2 concentrations, as well as to offset residual emissions from other classes of 
CCS.   
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction – definition of CCS classes 
Policies to develop and deploy CCS as a tool for climate change mitigation should consider the key differences 
between three classes of CCS projects: carbon-positive, near carbon-neutral and potentially carbon-negative.  Table 1 
overleaf, based on [1], lists these three classes of CO2 capture projects. 
In class 1 are projects that are ‘carbon positive’ since they produce hydrocarbon fuels containing carbon and there is 
no guarantee that the CO2 generated when these products are used will be captured and stored.  Many categories of class 
1 carbon-positive CCS projects will have relatively low incremental costs compared to ‘business-as-usual’ operation.  
For example, CO2 must often be separated from natural gas produced from ‘sour’ fields and from chemical products at a 
coal-to-liquids plant for the main output to be sold.  It is, therefore, only necessary to pay costs for compression, 
transport and storage for CO2 to be stored in many class 1 CCS schemes. 
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Table 1  Classes of CCS: definitions and examples (based on [1]) 
Class Definition and impact on CO2 emissions Typical Example 
1 
Carbon-
positive 
Projects that produce gaseous and liquid fuels or other products that contain 
carbon.  When these products are used they will produce CO2 that often cannot 
viably be captured (i.e. when used in transport and buildings).  Thus, although 
these projects will reduce CO2 emissions compared to production of the same 
fuels without CCS, they do not stop the emission of significant amounts of CO2 to 
the atmosphere. 
Coal-to-liquids 
plants producing 
synthetic fuels 
2 
Near 
carbon-
neutral 
Projects that produce carbon-free energy (normally electricity, hydrogen and/or 
heat) or other non-CO2-emitting products.  These projects should lead to 
significant CO2 emissions reductions since the majority of CO2 in the fossil fuel 
used can be captured.  It is likely that there will still be some net CO2 emission to 
atmosphere from the project though (unless it includes biomass co-utilisation, as 
below), particularly when analysis is carried out on a lifecycle basis. 
Power plant 
producing 
electricity using 
fossil fuels 
3 
Carbon-
negative 
Class 3B: As above, but with fossil fuel replaced, partially or wholly, by biomass.  
If CO2 emitted when the biomass is burned or gasified is captured, the net CO2 
emission for the biomass lifecycle can be negative, depending on how the 
biomass is grown and transported.  This can offset the emissions associated with a 
Class 2 project and may allow for the whole project to remove CO2 from the 
atmosphere on a lifecycle basis. 
Class 3A: Direct capture of CO2 from the air 
3B: Co-firing 
biomass in a 
power plant fitted 
with CO2 capture 
 
Although some learning, including for other classes of CCS project, can occur by undertaking class 1 projects, 
especially if they are used to test geology that has not been used for CO2 storage before, it seems likely that it would be 
most appropriate for class 1 CCS to be treated as a condition of the ‘licence to operate’ for hydrocarbon production 
projects that emit large amounts of CO2, and be distinguished from other classes of CCS project in any incentive 
framework. 
If serious global action is taken to mitigate the risk of dangerous climate change then class 1 CCS projects would 
have to be used quite widely to greatly reduce any CO2 emissions from fossil fuel production, but this alone would not 
be sufficient if significant carbon emission constraints are to be met.  In addition, since almost any emission of fossil 
carbon is likely to become unacceptable, all fossil fuels would need to be used with CO2 capture in class 2, near carbon 
neutral, CCS projects where the vast majority of fossil carbon is captured and stored and the energy leaves the plant as 
decarbonised energy vectors such as electricity, hydrogen and heat.  This restriction on the use of fossil fuels would be 
expected to have significant impacts on the whole energy system, including the introduction of battery electric or 
hydrogen fuel cell vehicles to decarbonise the transport sector and the introduction of heat pumps to replace direct firing 
of natural gas for space heating, as discussed further below. 
Carbon negative class 3 projects, where biomass use and CCS are combined or CO2 is captured directly from the air, 
could have a particularly important role to play in efforts to mitigate the risk of dangerous climate change since these 
projects could result in a net reduction in atmospheric CO2 concentrations.  Some cumulative carbon emissions 
scenarios have suggested that an overshoot in total CO2 emissions may be difficult avoid, so these class 3 CCS options 
could be crucial for reducing cumulative carbon in the atmosphere to ‘safe’ levels.  
It is, therefore, important that appropriate methods for recognising and rewarding class 3 CCS projects are identified 
and developed.  This should also include development of measures that allow most effective use of biomass.  For 
example, biomass combustion at central power plants with CO2 capture could be the most efficient method for using 
biomass as a primary energy source within much of the transport sector, e.g. in terms of primary energy converted to 
useful energy in a vehicle [2].  There are, however, currently few or no jurisdictions where this approach to delivering 
biomass energy to vehicles is incentivised.  Instead, if biomass is used in a central power plant then the electricity 
supplied is typically lost in a ‘grid average’ electricity calculation.  This contrasts with biofuels, such as cellulosic 
ethanol, where the delivery of the fuel to the end user can be traced more easily; measures to increase the proportion of 
vehicle fuel supplied by biofuels have been introduced in several countries, including in response to European targets. 
It should also be noted that terms such as ‘CCS on industrial processes’ are often used to denote CCS on any process 
that is not a power plant and do not necessarily give a clear indication of what class of CCS project is being undertaken.  
For example, ‘industrial processes’ can include hydrocarbon production from fossil fuels, which would be class 1 CCS.  
Other industries using fossil fuels or other geological sources of carbon (e.g. limestone for cement) and that produce 
products that do not contain carbon (e.g. aluminium or steel) or possibly contain carbon in a very stable form (e.g. 
plastics, unless these are ultimately burnt) would, however, give class 2 CCS projects.  If biomass was used and any 
biomass carbon was captured and stored then (depending on biomass supply chain GHG emissions and what fraction of 
any co-utilised fossil fuel carbon is captured) there is the possibility for class 3 CCS on an industrial process.  
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2. Enhanced Oil Recovery and CCS project classification 
The use of CO2 for Enhanced Oil Recovery (and potentially other forms of enhanced hydrocarbon recovery using 
CO2) needs to be considered with respect to CCS project classification, since it probably represents one of the biggest 
potential ‘grey areas’ in determining agreed potential climate benefits of CCS projects.  A very important characteristic 
of EOR is that it will almost certainly not be an obligatory component for any CCS project (except perhaps inasmuch as 
oil production affects subsequent storage capacity), but will be being undertaken for economic reasons.  If the 
economics of oil use, and hence oil production, become unattractive because of tighter environmental restrictions on 
CO2 emissions from oil use than at present, then EOR will be discontinued.  The same more stringent environmental 
targets would mean that it would be extremely unlikely that this cessation of EOR and any income from it would 
jeopardise the future of any class 2 or 3 CCS project, provided that the EOR target reservoir could continue to be used 
for storage alone or that a suitable alternative CO2 storage option was available (possibly in a nearby saline formation).   
It is possible, however, that such restrictions on unabated oil (and other hydrocarbon) use would also act directly on 
class 1 CCS projects involving CO2 capture from hydrocarbon production, irrespective of the type of CO2 storage they 
were using, and force them to close. Conventional oil and gas production would also be likely to be affected   
Because of the inherent separation between capture and EOR, and bearing in mind that the classification is based on 
the potential climate benefits, it is recommended that an EOR CO2 storage component of a CCS project is assessed 
independently, using analogous considerations to those for class 1 CCS projects and also similar standards and 
constraints to those applied to other forms of incremental and enhanced oil recovery.  The authors suggest that two 
principal requirements for EOR schemes that are part of initial CCS demonstration and deployment projects receiving 
incentive funds are: 
 to be environmentally acceptable in the context of other hydrocarbon extraction activities, they should reduce, or 
at least not increase, CO2 emissions compared to production of the same hydrocarbon fuels by other means (e.g. 
conventional extraction methods) that achieve relatively low CO2 emissions during the production process; and 
 for appropriate use of incentive funds, projects with EOR should be properly distinguished from other types of 
CO2 storage activity in any incentive framework. 
The latter criterion implies that there should not be hidden subsidies for EOR from financial incentives given for 
CCS.  This raises an interesting problem, since it appears likely that once CCS is deployed at a large enough scale to 
exceed CO2 demand for EOR then the market price of CO2 for EOR will drop to zero, or possibly even to negative 
values since EOR will avoid the cost of saline aquifer storage.    
Anecdotal reports suggest that the price paid for CO2 for EOR in current CCS demonstration projects may represent 
the ‘market’ value for the extra oil that can be obtained (and is comparable to prices paid for naturally-sourced CO2).  
But possibly even for the next phase of initial CCS demonstration projects now being planned, and certainly eventually 
as CCS deployment ramps up, over-supply of captured CO2 give rise to a ‘buyer’s market’.  Even now, expectations of 
this may be causing potential purchasers of CO2 not to enter into the sort of long-term supply contracts for captured CO2 
that would be needed to support investment in capture and transport infrastructure.  Interestingly, these same 
expectations of ‘free’ CO2 being available that has to go to aquifer storage if not to EOR may also be leading to plans 
for a different approach to the way CO2 is used in EOR projects.  These would have the overall environmental 
characteristic of a significantly increased ratio between CO2 used and oil produced, although more detailed discussion 
of this is beyond the scope of this paper. 
One pragmatic approach to the inevitability of CCS projects having to ‘give’ CO2 to EOR projects if CO2 supply 
exceeds demand, which could be seen as financial support for EOR, would be to adjust the national petroleum 
production tax regime for EOR to recover any deemed cross-subsidy.  This could also be linked to the legal ability for 
EOR operators to avoid long-term liability for CO2 used in approved EOR sites, which are then being treated in a 
similar way to storage in other geological formations.  Anecdotal evidence suggests that the business case for EOR (and 
also other forms of CO2 storage) without a cap on liability for long-term CO2 leakage is probably very weak and some 
initial commercial-scale projects are likely to be required before commercial insurance products will be available for all 
relevant risks.   
It is, however, also important that the limited number of cases where EOR might be used in the short-term as part of 
early class 2 CCS demonstration projects that could otherwise be difficult to finance are not jeopardised by exposure to 
uncertainty in future legislation and taxation regimes. Transnational issues may also make it difficult for one country 
that is incentivising CCS to recover any of the incentive payments from a second country that is importing the CO2 for 
EOR, with the transfer price inevitably being low once supplies exceed demand (as above).  In this situation, perhaps 
the best outcome for the country where CO2 is captured is a complete transfer of liability.  
3. Proposed CCS projects falling in different classes 
The Global CCS Institute (GCCSI) has published two surveys of global CCS projects in 2009 and 2010 respectively 
[3,4], the more recent of which was presented to the G8 leaders at their June 2010 Summit in Muskoka, Canada.  In the 
first of these in 2009 a total of 55 large scale integrated projects (LSIP) were identified as being under consideration as 
possible early demonstrations for CCS, with a further 7 operating.  In the second report in 2010, mainly because of 
additional information being available, 71 LSIP were under consideration and 9 operating. 
J. Gibbins, H. Chalmers / Energy Procedia 4 (2011) 5715–5720 5717
4 Author name / Energy Procedia 00 (2010) 000–000 
In the first survey [3] it was noted that “stakeholders faced with the responsibility of facilitating the … G8 objective 
[of 20 CCS demonstration projects] must confront the reality that many of these projects will not proceed to the Operate 
stage”.  Without any large body of data on CCS projects, failure rates of other low emission renewable energy sources 
such as solar and wind were used instead.  For these “the potential failure rate for low emission renewable energy 
projects in the USA could be as high as between 50 to 80 percent. If CCS project failure rates comparable to those 
observed for renewable energy projects occur, 50 to 80 percent of the projects in early stages may never be completed. 
Using the asset lifecycle model, a hypothetical scenario of failure rates suggests between five and eight in 10 projects 
will not proceed to the Operate stage”.   
Proposed and operating CCS projects from the 2010 survey [4] are shown in Table 2.  All currently operating large 
scale CCS projects are based on the use of CO2 that has to be separated anyway, from natural gas processing (so are 
class 1 projects) or as part of a chemical production process (class unclear in some cases, since products are not 
specified).  A number also use the CO2 for EOR.   
Table 2  Proposed and current large scale integrated CCS projects, categorised by CO2 source and whether the 
CO2 goes to saline aquifer storage or EOR and also by class (based on data from [4]) 
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Power 
plant plus 
storage 
29 80%  29     6  6 
Industry 
capture 
plus 
storage 
6 80% 1 3 2    1  1 
Refinery 
gasifier 
3 80% 3     1   1 
Power 
plant plus 
EOR 
15 80%  15     3  3 
Industry 
capture 
plus EOR  
2 80%  1 1      0 
Low-cost 
industrial 
CO2 
source 
plus EOR 
12 40% 11  1 5 1 12  2 14 
Low-cost 
industrial 
CO2 
source 
plus 
storage 
4 40% 4   3  5   5 
Totals 71   19 48 4 8 1 18 10 2 30 
 
In Table 2 the projects are broken down into the following categories, which can be linked to postulated probabilities 
of termination before reaching financial commitment, and also into classes: 
1. Power plant plus storage (relatively expensive capture, saline formation or similar storage) 
2. Industry capture plus storage (relatively expensive capture, saline formation or similar storage) 
3. Refinery gasifier (a specialised adjunct to refinery operations) 
4. Power plant plus EOR (expensive capture but some value for CO2 use) 
5. Industry capture plus EOR (expensive capture but some value for CO2 use) 
6. Low-cost industrial CO2 source plus EOR (low capture cost, possibly just compression, some value for CO2 use) 
7. Low-cost industrial CO2 source plus storage (low capture cost, saline formation or similar storage)  
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While power projects are about 60% of those proposed (almost entirely on coal, with just 2 natural gas power 
projects, both in Norway), if a failure rate of 80% were to apply for categories 1-5 above (which includes all power 
projects), and only 40% for categories 6 and 7, just 9 power projects in total (6 with CO2 storage and 3 with EOR), plus 
two more expensive industrial projects, might actually go into operation, against a similar number of category 6 and 7 
projects.  The latter would be added to the existing 9 category 6 and 7 projects already in operation, giving arguably a 
significant imbalance in knowledge gained for different types of CCS. 
The same discrepancy is seen when projects are analysed by the class of CCS they use.  Approximately ten each of 
new class 1 and class 2 projects might progress to operation but class 1 projects are already well-represented so that 
eventually a 2:1 ratio might exist in favour of class 1.   
While the success/failure scenarios used in Table 2 are entirely hypothetical, that no class 2 CCS projects are already 
operating, while 8 class 1 projects are, confirms the earlier suggestion that class 2 CCS projects are more challenging 
and will need greater support. 
Large scale class 3 CCS projects are even less common, with very limited evidence that they are even being planned.  
A possible exception is biomass co-firing in some of the power plant projects (biomass energy with CCS – BECCS), 
but in the UK, for example, much greater incentives are being given for biomass only, no CCS (BONCCS2) projects 
under present renewable energy support schemes than for co-firing.  This has resulted in proposals to build relatively 
large dedicated biomass plants that are not capture ready (some are sized just under the 300MW electrical output level 
that would require this according to UK planning rules) and which may therefore be locked in to unnecessary CO2 
emissions to atmosphere in the future. 
4. Summary and conclusions 
A classification scheme for CCS projects based on their potential climate benefit has been described.  Three basic 
classes of project are possible: 
1.   Carbon positive, typically involving the capture of CO2 from hydrocarbon fuel production 
2.  Near carbon neutral, where CCS is combined with conversion of fossil energy to carbon free energy vectors 
such as electricity, hydrogen and heat 
3. Potentially carbon negative, through the use of biomass with CCS or direct CO2 capture from the air 
Class 1 CCS is generally cheaper but cannot alone achieve the necessary large reductions in CO2 emissions to 
atmosphere.  Class 2 and class 3 CCS projects are required for this.  In the long term, if cumulative emissions of 
anthropogenic CO2 to the atmosphere are to be limited, any fossil fuel extraction will have to be balanced by a 
corresponding amount of CO2 capture and storage.  A combination of all classes of CCS will be needed to achieve this, 
with class 1 used to minimise fuel supply chain emissions, class 2 to address emissions during fossil fuel conversion 
and class 3 likely being employed to offset small amounts of residual emissions from class 1 and 2 CCS projects that 
can be more economically dealt with this way than by seeking to achieve the theoretical limit of 100% CO2 capture and 
storage.   
A number of projects are likely to make use of CO2 for enhanced oil recovery (EOR).  While very extensive 
production of oil from other sources is taking place, including incremental and enhanced oil production through other 
means, it is suggested that the environmental and financial merits of any EOR component of a CCS project be assessed 
independently from the rest of the project.  Satisfactory EOR projects would result in emissions that are at least no 
higher than other relatively low-emission oil extraction routes and would receive no subsidy from CCS incentives.  In 
the longer term all oil extraction (and other fossil fuel production) is likely to be restricted for environmental reasons 
and so it would be advantageous if EOR schemes could be converted to pure storage using their existing infrastructure. 
As the number and size of CCS projects increases it is likely that more CO2 will be captured and require storage than 
can be used for EOR.  The resulting glut is likely to see selling prices for CO2 collapse to zero, or even to negative 
values when the alternative is to pay for saline aquifer storage.  This may unavoidably lead to a situation where CCS is 
effectively subsidising EOR; a pragmatic solution to this could be through some compensatory treatment of oil 
production from EOR in national taxation schemes.  In the short term, however, it is important that any benefits from 
using EOR to help to accelerate initial CCS demonstration and deployment, particularly of class 2 CCS which currently 
faces greater challenges, are not lost because of concerns about possible longer term tax developments or about ways in 
which EOR would have to be treated differently in a future situation where CCS would be used to avoid or offset the 
possibility of CO2 emissions from all forms of fossil fuel extraction. 
A list of the world’s operating and proposed large scale integrated CCS projects, collated by the Global CCS 
Institute, has been broken down by capture project type (e.g. power, low-cost industrial source) and storage site (e.g. 
EOR, aquifer) and also by CCS class.  Larger numbers of power plant, class 2 projects have been proposed than 
hydrocarbon/industrial, class 1 projects but, because the latter are expected to have a much higher probability of 
progressing to operation, and because they also constitute all 9 large scale CCS projects currently in operation, class 2 
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projects could possibly be in the minority (order 10 out of 30) in the proposed global CCS demonstration programme 
unless they receive greater levels of support.  Currently no class 3 projects are apparently under consideration.  One 
example of why this might be the case is given by the UK, where incentives are given for relatively large dedicated 
biomass power plants without any linked consideration of whether or not they are capture ready (the largest of these 
plants are sized just below the threshold electrical output (300MWe) for which capture readiness is required on any 
power plant seeking planning consent in the UK).  Otherwise these biomass projects, even though funded by renewable 
energy support schemes that currently ignore the potential for combining biomass use with CCS, would effectively 
already be early-stage class 3 CCS deployment prospects. 
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